In this paper, a theoretical model is proposed to investigate the centrifugal fans' transient behaviour in response to sudden imposed changes in pressure or flow rate. We are especially interested in the dissipative or creative energy transient behaviour of the fans located in actual aeraulic networks.
INTRODUCTION
The theoretical determination of the transient behaviour of fans subjected to instantaneous variations in high static pressure or flow rate is quite difficult due to the fan's constant time, related to the inertia of its rotor, which is usually greater than the constant establishment time of the change of pressure or flow rate. The result of this mechanical inertia is that the rotation speed of the rotor does not adapt instantaneously to the flow, and that the fan dissipates or creates more flow energy than it usually supplies. The use of the pressure-flow rate characteristics given by manufacturers for the steady state is then no longer possible.
We establish a theoretical model which takes into account the inertia of the fan's rotating parts from the fundamental dynamic relations applied to the rotating system. The motor and resistant torques on the blades associated with pressure effects and friction losses are written assuming quasistationary state for the fluid flow.
In order to calculate the transient behaviour of the fan, it is considered when operating in an 228 G. MARIAUX et al. aeraulic system, at a stable working point. It is then subjected to instantaneous changes of pressure or flow rate conditions. From the numerical resolution ofthe system composed ofthe fan and pipe unsteady behaviour equations, it is possible to obtain the instantaneous characteristics of the fan.
The experimental rig consists of a transient pressure generator connected to a duct containing a fan. The latter is associated to head losses in such a way as to obtain a stable working point. The pressure wave generator designed and constructed at the laboratory, allows the generation of pressure drops like Heaviside steps at the end of the pipe. Instantaneous pressure and rotation speed sensors and a hot wire anemometer are used to measure all the transient characteristics of the fan. The experimental results show that the theoretical model is quite accurate if the flow rate does not reverse.
THEORETICAL MODEL Dynamic Equation
The instantaneous effects of variations of mean flow rate on the fan, considering its inertia, are given from the application of the fundamental dynamic relation applied to the rotating system: -0-7-Crn(f)+ CR (Q,f) (1) where f is the rotor rotation speed, Q the volumic flow rate and J the inertia of the total rotating mass.
Cm(2) is the motor torque and Ca(Q, f) refers to the total resistant torques opposed to the rotor due to pressure and viscosity actions on the blades, as expressed by Mariaux (1995) .
Motor Torque
The motor torque depends only on the rotation speed of the rotor f. The most reliable representation of the instantaneous motor torque comes from the interpolation of the torque rotationspeed characteristic of the electric motor given by manufacturers. 
Resistant Torque and Differential
Pressure Generated
The resistant torque depends on the instantaneous flow rate (2 and on the rotation speed f. The resistant torque Ca(O, f) is defined by considering a succession of quasi-stationary states. In the case of the centrifugal fan, the resistant torque and the generated impeller pressure may be obtained from the application of the integral theorem of the moment of momentum over the volume enclosed by the blades, as shown by Comolet (1976) and Sdille (1973) (see Fig. 1 ).
Theoretical torque and pressure generated In the case of air, gravity and unsteady effects due to fluid inertia can be neglected in relation to pressure effects and change of the moment of momentum as the control volume of the fan is very small. Therefore, the rotor torque due to pressure and viscosity on blades can easily be expressed by means of the distance r from the running point to the rotor axis and impeller velocities at the same point. The relative velocity of the fluid with regard to the impeller is w, the training velocity due to the impeller rotation at the velocity f is u, and the absolute velocity is c. The resistant torque Ca is then obtained from the projection of the theorem of momentum on the fan rotation axis (x) and expressed by the the total flow rate Q, the radius R and the projection of the absolute velocity on the orthoradial axis at impeller inlet Cul Applying the kinetic energy theorem to the smallest control volume enclosing the fan and neglecting impeller losses and unsteady effects due to fluid inertia, the whole power developed by the resistant torque at velocity is released to the fluid and can be expressed as (2) where Apth is the theoretical differential pressure that could be obtained if there were effectively no losses.
Correction of velocities
Comolet (1976) shows that, as a result of the finite number of blades (n) and due to Coriolis and centrifugal training strength, streamlines at the outlet of the impeller have a direction noticeably different from the one theoretically imposed by the blades (about 5 to 10). As described by Dick and Ammi (1991) Pressure losses It is necessary to take into account the pressure losses associated with the flow through different parts of the fan: inlet, impeller, volute and diffusor. As described by Dick and Ammi (1991) , these losses are related to viscous friction, singular head losses, or mismatching losses (shock) due to sudden changes of the moment of momentum which appear when the fan is not operating at its best efficiency point. These pressure losses have to be subtracted from the theoretical one expressed by Eq. (2) to obtain the effective power released to the fluid.
Pressure losses due to viscous friction are calculated as pipe friction and expressed as a fraction of the kinetic energy based on the flow rate Q.
These pressure losses occur especially in the volute. Singular head losses occur in the fan inlet, upstream collision between flow and blades, and come from deflection between inlet fan flow and inlet impeller flow. They depend on the inlet geometry and its position with regard to the impeller. They are expressed as a fraction of the inlet kinetic energy based on the flow rate Q.
Mismatching losses arise firstly from the collision of the inlet flow when it encounters the impeller blades and secondly from the collision of outlet impeller flow and volute flow. They can be expressed as a fraction of the kinetic energy calculated from the tangential velocity component, respectively at the inlet (cu) and at the outlet (cu2) of the impeller.
These shock losses appear since operating conditions are different from those for which the fan was designed.
In the case of very low flow rate, the problems of representation of different phenomena are more complex due to two phenomena. The first one being that there is a flow circulation between each channel 230 G. MARIAUX et al.
due to excess pressure on the fore-part of the blades and low pressure on the back. Secondly, there is a leakage flow rate between the casing and the impeller. Therefore, the present theory is invalid when these two phenomena are predominant with regard to flow rate Q, that is to say, for very low flow rates.
Application and Resolution
Let us now define the relation which gives the instantaneous speed of rotation of the fan resulting from flow rate variations. In order to investigate the dynamic response of the fan to sudden changes of pressure or flow rate, we have to consider the fan operating in a real aeraulic network, including head losses (see Fig. 2 ).
Applying the kinetic energy theorem to the domain defined by the above aeraulic network yields
where Pf is the power supplied to the fluid by the fan and the last term represents the dissipated power. The dynamic behaviour of the fan may then be obtained from the first order differential system of Eqs. (1) The experimental set-up designed by Mariaux (1995) is described in Fig. 2 and consists essentially of a centrifugal fan located in a pipe and loaded by a diaphragm in such a way that the working point has the same value as in simulations (see Fig. 3 ). 
Dynamic Response
The fan is positioned in such a way that an increase of the pressure pr(t) induces an increase of the flow rate. The pressure evolves as a pressure drop of intensity 3500 Pa, characterized by a temporal variation rate reaching 10000 Pa/s (see Fig. 6 ). Considering the functioning mode of the pressure wave generator and the flow rates involved, the pressure pr(t) continues to evolve after the front wave.
Instantaneous volumetric flow rate The remark about flow rate applies equally to the behaviour of impeller rotation speed, which is the same for theory and experiments, which can be seen in Fig. 8 .
Instantaneous pressure generated On the other hand, the comparison of the evolutions of the pressure generated by the fan provided by theory and experiments is less precise than that for the flow rate and rotation speed since the difference reaches 130 Pa which represents a relative difference of 13% (Fig. 9 ). This can be explained by the fact that the increase of the flow rate leads to an under-estimation of the pressure generated by the fan, in the case of the model. This result conforms with the static characteristics of the fan for which the pressure obtained from the model is under-evaluated compared to the experimental value obtained for high flow rates. Note that the model is able to represent with accuracy the transient fan behaviour characterized by instantaneous flow rate, rotation speed and generated pressure even if the pipe is subjected to rapid variation of boundary conditions. 
E EN NE ER RG GY Y M MA AT TE ER RI IA AL LS S Materials Science & Engineering for Energy Systems
Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
